Abstract Remarkable morphological variation has been found within small Eritrean barley fields. Barley was collected from fields approximately 50 m 2 in size. Spike shape, type, and colour were observed to vary both between and within fields. A set of 39 Simple Sequence Repeats (SSR) markers were used to explore the genetic diversity of the Eritrean barley collected from small-scale farmer's fields. Significant genetic diversity was found within the barley fields. Out of 240 spikes collected from 24 fields (10 spikes per field), only two spikes from geographically distant fields were genetically similar. Based on the SSR data, individual farmers' fields were found to possess 97.3% of the genetic variation present in the Eritrean barley. We discuss a strategy to improve the barley yield in Eritrea, and to facilitate the in situ conservation of barley genetic diversity.
Introduction
Barley (Hordeum vulgare L.) ranks fourth in world cereal production. In Eritrea, barley is one of the most important staple food and feed crops, with an average yield of around 352 kg/ha (2001 ( , FAO 2007 . It is grown predominantly in the Central Highland zone, where it is principally used in human nutrition as roasted kernels, porridge, soup, bread and beer, and as straw to feed livestock (Asfaw 2000) . Eritrea is found in the Horn of Africa, an area identified as one of the centres of barley diversity, and is considered a region of barley domestication (Orabi et al. 2007 ). Furthermore, barley from this region is a valuable resource for several desirable traits, such as disease resistance against powdery mildew (Blumeria graminis f. sp. hordei) (Negassa 1985) and scald (Rhynchosporium secalis) (Bjørnstad et al. 2004; Grønnerød et al. 2002) . Therefore, landraces and farmers' varieties of Eritrean barley are expected to be an important source of genetic diversity in the future. Farmers have improved landraces over many generations by mass selection, without the use of cross breeding techniques (Fischbeck 2003) . Thus, the amount of variability between individuals of a landrace is much higher than in modern varieties (Demissie et al. 1998) . While cross-breeding has increased both the yield and the quality of barley, it is apparent that genetic diversity, at least those responsible for morphological traits, has decreased considerably (Fischbeck 2003) . This loss of diversity is caused by the fact that farmers are increasingly forced to grow genetically improved cross-bred varieties to fulfil their food and feed requirements, thereby, the remarkable diversity present in the landraces disappears (Backes et al. 2003; Brantestam et al. 2004) . It is imperative to maintain a high level of genetic diversity within the gene pool of barley, as well as in other crops, to ensure the preservation of genetic resources required for future crop plant improvement (Kaplan 1998) .
Determining the level of variation within, and among, barley populations is an essential step towards conserving genetic resources and developing future strategies for plant improvement. Several studies have been conducted to reveal the substantial level of genetic diversity within barley populations collected from farmers' fields (Hamza et al. 2004; Hou et al. 2005) . Within the framework of these analyses, morphological markers (Alemayehu and Parlevliet 1997; Demissie and Bjørnstad 1996; Kebebew et al. 2001; Konishi 2001; Lasa et al. 2001) as well as DNA markers (Demissie et al. 1998 ) have been employed. While morphological markers are inexpensive and easily implemented, DNA markers are not commonly affected by the environment and selection, and are also available in almost unlimited numbers (Backes et al. 2003; Ghebru et al. 2002) . Among the DNA markers, SSR markers have been used intensively to analyse genetic diversity. These markers are favourable as they exhibit high locus-specificity, high levels of variability, robustness towards genotyping, and a co-dominant mode of inheritance (Matus and Hayes 2002; Russell et al. 1997; Woodhead et al. 2005) .
The conservation of genetic resources can be accomplished either in situ (in their natural habitat) or ex situ (outside their natural habitat). Conservation ex situ in gene banks has been the historical mode of genetic preservation, with extensive collections generated by explorers and researchers that date back to the first part of the last century. More recently, there has been a stronger focus on ex situ conservation strategies. One of the reasons for this transition relates to the debate over ownership of these resources, and the increasing demand for gene banks in the countries of collection. As the political situation and/or availability of financial means required for the reliable storage of genetic resources is often limiting, in situ conservation has many advantages compared with ex situ conservation. Furthermore, with in situ conservation, the material is maintained in a dynamic manner and is therefore able to adapt to new threats such as new pathogens or new isolates/races of a given pathogen (Nevo 1998 ) and climate change. Finally, in situ conservation is immediately useful for the local population and is cost-efficient compared with ex situ conservation.
The objective of this study was to investigate the genetic diversity among single plant accessions of barley collected from Eritrean farmers' fields in different agro-ecological zones using SSR markers. Furthermore, we sought to elucidate the cause of the diversity observed structure and the implications for future improvement of barley yield as well as conservation of the existing genetic diversity found on farmers' fields in Eritrea.
Materials and methods

Plant materials
A total of 240 single-spikes were collected from 24 farmer's fields, i.e. 10 spikes per field, located in the main barley cultivation area in the central highland region of Eritrea (Fig. 1, Table 2 ). Different agroclimate zones were taken into consideration during the collection of the materials, ranging from the high plains and highland terraces to mid-highland plains. The collection was carried out over an area covering no more than 100 km in diameter.
DNA isolation
Single leaves from 10 day-old seedlings from each sample were freeze-dried for 48 h. DNA was extracted using Cetyl Trimethyl Ammonium Bromide (CTAB) (100 mM Tris-HCl pH 7.5, 666 mM NaCl, 10 mM EDTA, 140 mM b-mercaptoethanol, and 1% w/v CTAB) from the milled freeze-dried leaves according to the protocol described by SaghaiMaroof et al. (1984) with some modifications.
Microsatellites
All samples were tested with 39 nuclear microsatellite markers covering the whole barley genome (Becker and Heun 1995; Liu et al. 1996; Ramsay et al. 2000) . The microsatellite forward primers were labelled at the 5 0 end with fluorescent dyes, either 6-carboxyfluorescein (6-FAM, blue), tetrachloro-6-carboxyfluorescein (TET, green), or hexachloro-6-carboxyfluorescein (HEX or VIC, yellow) for the C filter, and either 5 0 -fluorescein phosphoramidite NED (yellow), HEX or VIC (green) or FAM (blue) for the D filter.
PCR amplification
PCRs for nuclear microsatellites were performed in Thermo-Fast 96-well plates from ABgene in a final reaction volume of 10 ll containing 100 ng template DNA, Mg free PCR buffer, X MgCl 2 , 0.25 units Taq polymerase (last three from Promega), 250 lM dNTPs, and 1 lM each of both forward and reverse primers. PCR reactions were carried out with a GeneAmp Ò PCR System 2700 thermal cycler from Applied Biosystem. PCR programs for each primer were performed according to Ramsay et al. (2000) , Liu et al. (1996) and Becker and Heun (1995) . PCR products were employed and analysed on an ABI PRISM 377 DNA Sequencer using 4.5% w/v polyacrylamide denaturing gels (acrylamide: bisacrylamide 29:1). Fragment sizes were calculated semi-automatically with the computer software GeneScan 2.1 (Perkin Elmer/Applied Biosystems) and by comparing fragments with an internal size standard (ROX or TAMRA) labelled with N,N,N,N,-tetramethyl-6-carboxyrhodamine.
Computing
Unless otherwise stated, calculations were carried out using the R language and environment for statistical computing (v.2.3.1) with the base-package (R Development Core Team 2006), the ''MASS'' package (Venables and Ripley 2002) and the ''ade4'' package v.1.4-1 (Chessel et al. 2005 ). The random mating or out-crossing rate (t) was calculated by the formula t = (1 -F e )/(1 + F e ) (Crow and Kimura 1970) , where F e is the equilibrium inbreeding coefficient under partial selfing. F e equals 1 -H e /H r , where H e is the equilibrium heterozygosity at a given locus or the observed heterozygosity, and H r is the expected heterozygosity under random mating (Hardy-Weinberg equilibrium). The polymorphism information content (PIC) is a statistic to measure the informativeness of a given marker locus. PIC values for each marker locus were calculated according to Botstein et al. (1980) as follows:
where p i is the population frequency of the i-th allele and n is the number of alleles per marker. The genetic distance between individual lines and fields was calculated using Nei's Standard Genetic Diversity (Nei 1972; Pritchard et al. 2000) as this dissimilarity coefficient assumes both mutation and genetic drift. The coefficient was transformed into an Euclidian statistic using the method of Caillez (1983) , included in the R ade4-package. Based on this distance, nonparametric Multi-Dimensional Scaling (npMDS) and an Analysis of Molecular Variance (AMOVA) were carried out, the first using the MASS package and the latter the ade4 package in R. Further, the proportion of total alleles and the Average Gene Diversity (AGD) (Nei 1973) were calculated for single fields, regions and for all 240 lines both as single calculations and as random repeats, using R-scripts. A Bayesian analysis of genetic structure was performed using the software ''STRUCTURE'' v.2.1 (Pritchard et al. 2000) , running 20 replicates of runs with a ''burn-in period'' of 10,000 rounds and 10,000
repeats according to burn-in and assuming an admixture model. The optimal number of groups was determined following the procedure of Evanno et al. (2005) .
Results
Marker alleles and their informativeness
Out of 39 SSR primer pairs analysed, 37 amplified a single band, while only two primers detected multiple loci (WMC1E8 on chromosome 1H with two loci and HvLTPPB on chromosome 3H with three loci). Three loci, HvLEU, WMC1E8a, and WMC1E8b, were excluded as the Eritrean barley was monomorphic for these markers. Further three loci, Bmac0218, Bmac0156 and Bmag0021, were excluded as they showed more than 5% missing data. This resulted in 36 marker loci yielding a total of 274 different alleles (Table 1 ). The number of alleles per locus ranged from 3 to 17 with an average of 7.6 alleles. The informativeness of the allele frequency was described by the number of alleles with a frequency C0.3 (dominant alleles), the number of alleles with a frequency B0.05 (rare alleles) and the PIC value. The PIC is influenced by the number and distribution of alleles. High PIC values result from numerous, equally distributed alleles. The marker HVM03 on chromosome 4H showed not only the highest allele number (17), but also the highest PIC-value (0.861), closely followed by the marker HvLTPPB on chromosome 3H (0.824), with only 9, though rather equally distributed alleles. The lowest PIC-value was found for EBmac0970 (0.066, 5H), which showed one dominant and three rare alleles, followed by HVLOX (0.109, 5H), the marker with the lowest number of alleles (3).
Proportion of alleles and average gene diversity
The proportion of alleles (number of alleles in a group in relation to the total number of alleles) and the AGD was calculated for every field. For the regions and for the total population, a 1,000-fold random sampling with a sample size of 10 lines was performed in order to obtain a reliable estimate of the 'average' for the proportion of alleles and the AGD. Table 2 shows the proportion of alleles and AGD values together with the number of 'private alleles'
i.e. the alleles that only occur within a given field.
Figures 2 and 3 illustrate the AGD values, the mean and the 95% Confidence interval of the mean for a 10-line random sampling in the whole population for the different fields and regions, respectively. Most of the fields (Fig. 2) and regions ( Fig. 3 ) lie within the confidence interval of the respective random sampling, implying that they contain the same diversity as a sample of the corresponding size of all lines. Fields E, H, O, R and X and regions 2 and 7 had significantly lower average gene diversities than would be expected from random sampling. Region 7 is represented only by the field X, and region 2 is represented by two fields (H and I), where H has the lowest AGD value of all fields (0.336). It is striking that the two fields with 6-row barley (O and X) had significantly lower AGD values than the random sample. No region showed a higher AGD value than the mean of the random samples, while this was the case for fields C, G, P, Q, U and V. This might be a random effect due to the relatively small sample size. While there is a clear positive relationship between the proportion of alleles and the AGD value, the number of private alleles is independent from these two values.
The effect of the sample size on the number of detected alleles was evaluated using 1,000 replicates for each sample size. The mean and the 95% confidence interval are presented as solid and dotted lines, respectively (Fig. 4) . A sample size of 50 lines yielded a mean of 192 of 274 alleles (70%), and half of all lines, 120 accessions, yielded 237 alleles (86%). In order to obtain at least 95% of all alleles with a 2.5% error probability, 211 out of 240 lines would have to be sampled. Alternative sampling was performed for maximised variability in relation to regions or fields for selected sample sizes. This was done by avoiding sampling from the same field/ 
Degree of out-crossing
The degree of out-crossing was estimated from the observed number of heterozygotes and the expected heterozygosity under Hardy-Weinberg conditions for each single marker. Five markers (Bmag0013, Bmag0225 and HvLTPPBa-c) were excluded as they showed individuals with ambiguous results in relation to heterozygosity. The estimated out-crossing rate t ranged from 0.000 to 0.161 with an average value of 0.040.
Population structure
Out of the 240 lines, only two showed the same pattern, one line from field B (region 1) and one line from field I (region 2). Another pair of lines from field X (region 6) potentially had the same pattern as both patterns were identical except where there was missing data for the marker HVM36. Distance data were calculated between the individual lines and the results were visualised in a non-parametric Multi-Dimensional Scaling (npMDS, Fig. 5 ). The npMDS had a stress of 35.6. The only clustering that could be detected visually is marked in Fig. 5 by the two ellipses designated as 'cl.1' (cluster 1) and 'cl.2' (cluster 2). In addition, lines from the field X are nearly exclusively occurring in the upper right corner of Fig. 5 . This shows that these lines have a relatively short distance between them. This was also confirmed by the low AGD-value for this field (Table 2, Fig. 2) . Nine of the lines from field H, which had the lowest AGD-value, are grouped in cluster 2 (Fig. 5) .
The Bayesian analysis for genetic structure resulted in the best DK-value for K = 2 (two groups). As there was a clear increase in the value of ln Pr(X|K) from K = 1 (no grouping: -19397) to K = 2 (two groups: -16575), a division into two groups can be accepted. The lines were distributed according to the ancestry estimates in one of the two groups or, if the ancestry estimate was between 0.4 and 0.6, lines 1 Fig. 5 Results of a twodimensional non-parametric MDS over individual lines based on Nei's Standard Genetic Distance (Nei 1973) . The symbol for the lines corresponds to their field code (see Table 2 ). Fig. 6 Results of a two-dimensional non-parametric MDS over fields based on Nei's Standard Genetic Distance (Nei 1973) . For the field codes see Table 2 were assigned to an 'intermediate group Fig. 5 . Region 1, and especially region 2, which both are found in the Mid-highland Plains and are situated close to Ethiopia ( Fig. 1) , showed a much higher proportion of lines from the group 'B' (Table 2) as expected from the average of all regions. Further, it is striking that the two fields with 6-row barley ('O' and 'X') had a high proportion of intermediate lines (13 out of 21). Allele proportions and AGD-values for the visually detected groups were calculated. In cluster 1 (37 lines), 45% of all alleles were found and an AGD value of 0.263 was calculated. This was significantly lower than the values for a random sample of the same size with 65% and 0.520, respectively. In cluster 2 (43 lines), even lower values were found (42% of the alleles and an AGD-value of 0.229). The respective values for the random sample were 67% and 0.522. The last group containing the rest of the lines did not deviate significantly from the random sample.
The result of an additional npMDS for the distances between the fields (stress: 9.97) is shown in Fig. 6 . Here, the two fields with 6-row barley (O and X) are clearly separated from the rest of the fields.
Finally, the structure was analysed using an AMOVA and the results are shown in Table 3 . The main part of the variance (97.3%) was contributed by the lines within the field, while regions were responsible for a minor part of the variance (2.5%) and the effect of the field within the regions was not significant.
Discussion
Genetic diversity of barley in Eritrea
The Horn of Africa region is considered to be a centre of origin and diversity for many cultivated crops including barley (Vavilov 1931) . A noticeable morphological diversity was observed in the material collected in the main barley cultivation areas in Eritrea. The data obtained with the 36 SSR loci from 240 lines show an average allele number of 7.6 (Table 1 ) and an AGD of 0.489 (Table 2 ). In order to achieve a meaningful comparison with published data, a subset of the 240 lines corresponding to the line number in each respective reference was taken 100 times and the average of these random subsets was compared with data from the reference. alleles of 5.0 and an AGD value of 0.52 would be obtained using the same number of lines. This comparison demonstrates that the Eritrean barley shows a remarkable diversity, taking into account that the collection was done in an area not more than 100 km in diameter. Nevertheless, at least for genomic SSRs, the genetic diversity does not reach the high values observed in wild barley. The similar environmental factors within the rather small collection area might confer an advantage on a limited number of alleles. The situation is different for chloroplast SSRs, where the genetic diversity of the Eritrean lines was reported to be at least as high as that for wild barley lines (Orabi et al. 2007 ). This might be caused by the differences in selective pressure on the two types of SSRs.
Structure of the genetic diversity in Eritrean barley
Commonly, a field planted with a modern barley variety will show a within-field variation close to 0. The distribution of the variation from the material collected in Eritrea, revealed by the AMOVA (Table 3) , is therefore striking. Molecular variance at the field level was 97.3%, while almost no variance was assigned to the 'within regions between fields' level and the differences between regions contributed only 2.5%. Similar observations were made for barley in Ethiopia, both on the phenotypic and the marker level. Alemayehu and Parleviet (1997) observed six agronomic traits in 18 Ethiopian barley landraces and found a large degree of variation within the landraces. Demissie and Bjørnstad (1998) analysed 153 RFLP bands in 43 barley landraces from Ethiopia and concluded that the population is the main source of variability. Aside from barley, other crops in the Horn of Africa have a similar genetic structure. Studying 28 Eritrean sorghum landraces with 15 SSR markers, Ghebru et al. (2002) found 50% of the genetic variation within the landraces. For wheat, Bekele (1984) found that the largest part of the variation for 14 morphological/agronomic traits (65-70%) occurred within populations. The latter article circumvents the term 'landrace' to avoid misunderstandings and uses 'population' instead, a term applied mainly in relation to the wild relatives of our crop plants. Even though the term 'landrace' is often used to describe a mixture of different agro-types with diverse genetic background grown together in one field (e.g. Lakew et al. 1997; Belay et al. 1993; Teklu et al. 2006) it seems problematic to describe the field populations in Eritrea as 'landraces', as the term 'race' insinuates a subpopulation that can be discriminated from other 'races' by specific characteristics. Harlan (1975) Asfaw (2000) points out that barley farmers in Ethiopia have very elaborate names for the different types of barley based on their specific morphological traits. The field populations in Eritrea we analysed always comprised a mixture of these types. This might be a situation provoked consciously by the farmer in order to stabilise yields. Another factor leading to this population composition might be that farmers revitalise their seed stocks from time to time with seeds from friends and relatives (Asfaw 2000) , thereby decreasing the genetic variation between fields and regions while simultaneously increasing the within-field variation. A further reason for the structure observed might be that yield levels are relatively low and the farmers therefore have to keep a higher proportion of seed for the next sowing season. Consequently, selection is low and together with a modest out-crossing rate, higher within-field diversity could be obtained (Alemayehu and Parleviet 1997) . The out-crossing rate estimated from the collected material was 3.8% using 39 SSR loci (Table 1) . This is relatively high compared with the rate found in the literature. Abdel-Ghani et al. (2004) found an average out-crossing rate of 1.17% (0-3.4%) for 13 wild barley lines and 0.59% (0-3.5%) for 12 barley landraces using four SSR markers. With 22 isoenzyme loci, Brown et al. 1978 estimated the average out-crossing rate of 26 wild barley populations to be 1.7% (0-9.6%). All these factors might have resulted in a population structure, which is often found among wild barley. Turpeinen et al. (2003) analysed 94 wild barley lines from 10 locations within Israel with AFLP markers and found the within-population variation to be 69% versus a value of 31% for the between-population variation. Similar results for wild barley were also obtained by Baum et al. (1997) and Huang et al. (2002) .
While the high overall diversity and the huge field level diversity as discussed above reflect the general situation in Eritrea, differences at the field level, and to a minor extent at the regional level, were also detected. As shown in Table 2 and Fig. 2 , it is evident that the 6-row barley (field O and X) generally showed lower AGD-values than the average of the all types. This might be caused by a relatively recent introduction into the area or recent mutation, both of which could cause a bottleneck. Recent introductions might also play a role in the patterns observed with the Bayesian structure analysis. The closer the region of collection is to Ethiopia, the higher the relative proportion of lines assigned to the 'B' group. Thereby, an introgression from Ethiopia could explain the different genetic structure. The reduced diversity in these lines could then be explained by a bottleneck-effect during the selective introgression and subsequent distribution of only a relatively small subsample of barley lines from Ethiopia. The intermediate positioning of the 6-row barley in the Bayesian analysis and the MDS (Fig. 5) is more difficult to interpret. A possible explanation could be that these lines were introgressed earlier and hybridised with the original Eritrean barley. Consequently, the introgressed lines might have superior yields.
Conservation and yield improvement
The results of the present analysis and the conclusions we draw highlight a dilemma for Eritrean barley breeding between conservation of diversity and yield improvement. It is obvious that Eritrean barley farmers consciously maintain extremely high within-field diversity. This heterogeneity provides greater stability, especially under 'lowinput' conditions (Wolfe 2000) . Therefore, the present agricultural system in Eritrea is ecologically balanced and is well adapted to local conditions. Furthermore, the system constitutes a stunning example of in situ conservation of highly diverse genetic material, even though threats such as the introgression of lines with reduced genetic diversity can already be recognised. On the other hand, a yield of 352 kg/ha (2001 ( , FAO 2007 ) is very low and Eritrea urgently needs to increase the yield of barley. The use of genotypes with higher yield potential could contribute to increased barley production. However, the introduction of high yielding varieties could be risky both for the genetic diversity present in Eritrea and for yield stability. An example for the genetic erosion is the introduction of the six-row barley variety 'Rihane' to Tunisia in 1983. At present, this variety occupies about 60% of the total barley cultivation area and has, accordingly, superseded the local landraces (Hamza et al. 2004) . With the genetic diversity in the field vanishing, the risk of severe yield reduction in a single year would be increased, either by fungal pathogens, insect pests or unfavourable environmental conditions. In addition, cultural traditions are adapted to this cropping system. For all these reasons, a specific approach has to be found in Eritrea. One way would be to select superior lines from the existing material and to bulk them as mixtures, as proposed by Ceccarelli and Grando (2000) . An alternative, as discussed above, would be to select lines with superior traits, with respect to yield, disease resistance and quality, representing the genetic diversity at the allele level using molecular marker studies. In the next step, subgroups would have to be generated within these subgroups and multiple crosses between the selected lines would have to be made in order to produce composite crosses. Subsequently, the F 1 should be grown in bulk, and negative selection conducted in subsequent years in cooperation with local farmers. This approach combines the composite-crosses advocated by Phillips and Wolfe (2005) with the participatory plant breeding promoted by Ceccarelli and Grando (2007) , and should ensure long-term high yield and yield stability, with optimised local adaptation and increased local acceptance of the product. While this method aims to maximise genetic diversity, it is at the same time an in situ conservation approach to preserving the rich barley gene pool at the Horn of Africa for future generations.
In situ conservation (at farmer's fields) is in many cases superior to ex situ conservation (in gene banks) and is therefore given priority by the 1992 Rio Convention on Biological Diversity. It allows continued adaptation to changing abiotic and biotic conditions (Nevo 1998) , and avoids dependence on local gene banks that are vulnerable to unstable political conditions and limited resources. On the other hand, adverse climatic conditions, pests and diseases can destroy efforts put in situ conservation into practice. Therefore, a local gene bank should be established as an ex situ back-up for the in situ conservation and this gene bank should be supported by the international community. This rich and unexploited gene pool of cultivated barley is not only part of the heritage of mankind, but can also be very useful for meeting current or new challenges in barley breeding.
